This report summarizes research that has been performed since during the current 3-year grant, as well as work that will be completed and published by the end of the grant period.
Tris-pyrazolylborate Rhodium C-H Activation Studies.
Our rhodium-trispyrazolylborate studies on hydrocarbon activation make use of the reactive 16-electron fragment [HB (3,5-dimethylpyrazolyl) 3 ]Rh(CNCH 2 CMe 3 ), abbreviated herein as Tp'RhL. In the prior 3-year project period, we established that the Tp'RhL fragment coordinates an alkane to give a σ-complex. A series of labelling studies allowed the determination of the relative rates of the processes available to the alkane σ-complex, specifically: (1) C-H activation (called oxidative cleavage), (2) migration down the alkane chain, or (3) simple dissociation. These experiments involved modelling of the scrambling of deuterium in complexes such as Tp'Rh(L)(CH 2 CH 2 CH 3 )D before loss of propane-d 1 . Figure 1 shows the relative rates of these processes for methyl, ethyl, n-propyl, and n-butyl derivatives.
For methane, C-H activation is strongly preferred over dissociation, whereas for ethane, the rates of these two processes are closer. End-to-end migration in ethane is intermediate. For propane, terminal C-H activation is favored over dissociation to a lessor extent than methane, but comparable to ethane. Migration from the end to the middle of propane is slightly slower than C-H activation. For the secondary propane complex, migration to the end and dissociation occur at about the same rate. Interestingly, migration down a butane chain (secondary to secondary) is the fastest process, accounting for the observed kinetic preference for terminal C-H activation. These conclusions can be expressed in a schematic fashion as shown in Scheme 1. Our studies do not permit the determination of either the absolute or relative energies of the primary and secondary alkane complexes, so we cannot establish the relative rates of processes between these two intermediates. Relative rates are shown assuming the energies of the two alkane complexes are equal.
Scheme 1: Relative rates of processes available in primary (1°) and secondary (2°) alkane complexes.
faster than the more hindered methyl group of isobutane. (3) the oxidative cleavage of a methyl C-H bond (primary C-H) occurs 65K 12 times faster than the C-H bond in a methylene group (secondary C-H), where K 12 represents the equilibrium constant between primary and secondary alkane complexes. These conclusions were made building upon our earlier studies of the relative rates of oxidative cleavage, migration, and dissociation indicated in Scheme 1. The experimental evidence for these conclusions is given below.
The first new result is determination of the rate at which a reactive metal complex with a vacant site coordinates a methyl group C-H vs a methylene C-H. This was determined by looking at the product distribution in a competition experiment between pentane and decane. In this experiment, the metal intermediate would see an equal number of methyl groups in each substrate but differing numbers of methylenes (see Scheme 2) . Note that in either case, only the terminal activation product would be seen since coordination to an internal methylene would lead to migration of the metal along the chain to the end, where oxidative cleavage would occur.
If
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In the experiment, Tp*Rh(CNR)(carbodiimide) was irradiated in a 1:1 mixture of pentane/isobutane. The alkyl hydride products were quenched with CCl 4 to give the stable chloro derivatives in a 1.35:1 ratio (Scheme 5). Once again, simulation of the experiment while varying only the ratio k CH3 /k CH3 ' allows determination of the ratio as 1.9:1. Note that in this experiment, we assume that the rate of oxidative cleavage of the C-H bond in the two methyl complexes is the same. It is possible to interpret this experiment in terms of an equal rate of binding to the two types of methyl groups, but with a 1.9:1 ratio between the rate of the two oxidative cleavage rates. These pathways and the corresponding rate constants are shown in Scheme 6.
Scheme 6. Pathways for C-H coordination/activation in pentane-cyclohexane competitition. 
(with 1° and 2° alkane complexes at same E) or otherwise:
In the competition experiment, Tp*Rh(L)(carbodiimide) was irradiated in a 1:1 mixture of pentane/cyclohexane and quenched with CCl 4 . A 6.5:1 ratio of the n-pentyl and cyclohexyl chloride products was seen (Scheme 7). From the simulation, this corresponds to a 65:1 ratio for
, assuming the alkane σ-complexes are at the same energy. If they are at different energies, then a 'correction' must be applied corresponding to K eq between the two σ-complexes. Finally, we have also looked at activation of cyclopentane vs pentane in a competition experiment. Here, due to the strain in the cyclopentane ring, it is not reasonable to assume that the rate of methylene coordination is the same as in a linear alkane. Consequently, the scheme for this experiment shows different rates for the two types of methylene coordination (Scheme 8), but the same rate of oxidative cleavage in the methylene-alkane complex.
Scheme 8. Pathways for C-H coordination/activation in pentane-cyclopentane competitition.
In the competition experiment, Tp*RhL(carbodiimide) was irradiated in a 1:1 mixture of pentane and cyclopentane, and CCl 4 added to quench the products. A 4.5:1 ratio of n-pentyl to cyclopentyl products were seen (Scheme 9), showing that cyclopentane is slightly more reactive than cyclohexane, as anticipated. From the kinetic simulation of the competition, a ratio for
' /k CH2 of 1.7 was obtained. As a check that this value represents the relative coordination abilities of cyclopentane vs cyclohexane, a competition experiment was run by irradiation of Tp*RhL(carbodiimide) in a 1:1 mixture of cyclopentane/cyclohexane. A 1.9:1 ratio of cycloalkyl chloride products was observed. The excellent agreement between the competition ratio from these two independent experiments argues that the assumptions made in the simulations are reasonable.
One of the more interesting side-lights from these studies comes from the independent determination of isotope effects for both the 'oxidative cleavage' and the 'reductive coupling' steps of the C-H activation reaction indicated in equation 2. These isotope effects, both kinetic isotope effects on a fundamental reaction step, were found to be normal isotope effects. The overall effect on alkane reductive elimination, however, is to generate an inverse kinetic isotope.
The initial equilibrium isotope effect between the alkyl hydride complex and the alkane sigmacomplex is inverse, not because either of the individual rates are inverse, but because the ratio of these isotope effects is inverse. As this was the first known system where these effects had been completely sorted out, we published a more didactic article in Accounts of Chemical Research to shed light on the analysis of this controversial subject.
C-C Bond Cleavage Studies
Our DOE supported work showed that several types of C-C bonds can be cleaved. We have discovered 3 distinct classes of C-C bonds that can be cleaved: (1) strained rings such as biphenylene undergo sp 2 -sp 2 C-C cleavage with a number of metal complexes to give a variety of products. (2) Scheme 10:
In the case of Ni(dippe), it was found that catalysis required the introduction of small amounts of oxygen, just enough to oxidize the phosphine to phosphine oxide. The remaining 'naked' metal was efficient at catalyzing the insertion of alkynes into biphenylene to give phenanthrenes. The requirement of a labile chelate led us to investigate the use of the hemilabile ligand Pr i 2 PCH 2 CH 2 NMe 2 in these same metal systems during the current grant period. The platinum complexes proved to be the easiest to synthesize and study, since the adducts are fairly stable. The strategy was to use a source of Pt(0) in the presence of the P-N chelate and an alkyne, to isolate the complex, and then to look at reactions of the complex. With diphenylacetylene, the preparation of the adduct was straightforward and allowed comparison of the P-P chelate with the P-N chelate (eq 3). While the P-P chelated complex showed no reactivity with added diphenylacetylene even after heating, the P-N chelated complex reacted at room temperature to give a metallacyclopentadiene complex. Further studies of the system showed that the nitrogen of the chelate is quite labile, and that once it dissociates the phosphine ligands can then redistribute between metals to generate two observable intermediates (Scheme 11). Ultimately, however, thermodynamics takes over and one winds up with quantitative production of the metallacycle.
Heating this sample results in the slow catalytic formation of hexaphenylbenzene. With trimethylsilylphenylacetylene, the preparation of the initial complex is similar but now the alkyne complex undergoes insertion into the C-Si bond at room temperature (eq 4). While the dippe P-P chelate complex is unreactive thermally, it does react photochemically to give a C-Si insertion product (eq 5). Remarkably, however, this complex reverts to the Pt(0) alkyne complex thermally! This observation leads to the important conclusion that oxidative addition is favored thermodynamically by the presence of the P-N ligand, whereas reductive elimination is thermodynamically favored by the P-P ligand. This conclusion implies that the study of a chelating, sterically hindered, bis-(dialkylamino)ethane ligand should give a metal fragment that will strongly favor C-C cleavage. This hypothesis remains to be tested. 
In addition to the above work with platinum, we have also prepared the analogous nickel complex (eq 6). These complexes have proven to be efficient catalysts for the selective coupling of biphenylene and alkynes to give phenanthrenes (eq 7). 
We have also looked at the effects of electron withdrawing and electron donating groups on the aryl cyanide. The results show that both the rate and equilibrium for C-CN cleavage is affected, as shown in the plots in Figure 2 . For the equilibration, K eq is found to have a ρ value of +6.1. This large and positive value for ρ indicates that negative charge is being stabilized on the ipso carbon of the substituted aryl group, consistent with the organometallic nature of this bond as possessing substantial Ni δ+ -C δ-character. From the rate of approach to equilibrium, the rate of the forward reaction k 1 can be determined. Similarly, a plot of ln k 1 vs. σ, also shown in Figure 2b , gives a ρ value of +1.3. While there is somewhat more scatter in this plot, the positive slope correlation is unmistakable and is consistent with the localization of charge density on the ipso carbon in the transition state for C-CN bond cleavage, although not so much as the Ni(II) product. We have also discovered an important new type of C-C bond oxidative addition, cleavage of sp-sp 2 C-C bonds in aryl acetylenes. This is a new class of C-C bond cleavage, and offers many exciting possibilities. We have found that irradiation of either P-P or P-N chelate complexes of Pt-(diphenylacetylene) leads to the clean and quantititive formation of the oxidative addition product (eq 9). The reaction works for all complexes we have examined to date. Furthermore, the oxidative cleavage reaction is reversible, in that heating the Pt(II)
complexes results in their reversion to the Pt(0)-alkyne complexes. Consequently, we now have methodology to break and make C-C ---C bonds, and further development of this reaction will be the subject of future studies.
R 2 P Pt E = N, R = iPr, R'= Me E = P, R = R'= iPr E = P, R = R'= Cy C-H activation gives a π-allyl hydride complex that is not observed, because the hydride is transferred back to the opposite end of the allyl group to give a very stable crotononitrile complex (both cis and trans are formed). C-CN activation, however, leads to a metastable π-allyl cyanide complex that can be isolated and was structurally characterized. C-CN cleavage is reversible, so that ultimately, all nickel winds up as the crotononitrile complexes (Scheme 13). By monitoring the distribution of species over time, we have been able to extract the rate constants for all of these species by kinetic simulation. In addition, by measuring the distribution of species as a function of temperature, we can obtain activation parameters for the various steps. The results are quite interesting, in that we find that while C-H activation and C-C activation have small temperature dependences, C-C cleavage has a large temperature dependence. The result is that by raising the temperature, one can selectively drive the reaction in the direction of the less-favorable π-allyl cyanide complex. This is good news, since the DuPont catalysis requires that the C-C cleavage dominate the C-H cleavage. The activation parameters support the mechanism for C-H anc C-C cleavage shown in Scheme 14. 
C-H and C-C Bond Functionalization Studies
We have also initiated investigations of the above systems for their ability to serve in further functionalization reactions of hydrocarbons. For example, we have found that C-C bonds can not only be cleaved, but functionalized using 'standard' organic reagents. A nice example of the application of this chemistry appears in our work with palladium catalyzed reactions of biphenylene. Using a Pd(0) precursor, we can activate the C-C bond of biphenylene and then protonate one of the Pd-C bonds using a weak acid of the appropriate pH. Next, one can perform Heck or Suzuki-type couplings using olefins or boronic acids to give functionalized products (eq 10, 11). Furthermore, other acidic C-H bonds can be added across the activated C-C bond using pH control. For example, α-keto C-H bonds or α-nitrile C-H bonds can add across biphenylene to give functionalized biaryls (eq 12, 13). We have also begun to investigate aliphatic nitrile complexes. It appears that there is once again a selectivity for terminal methyl groups. With acetonitrile, the adduct Tp*LRh(CH 2 CN)H is formed, and is found to be stable for days at 60 °C! This is the most stable alkyl hydride in
this series yet, and we may be able to do new functionalization chemistry with this derivative. 
C-F Bond Cleavage Studies
We have now begun studies with the soluble, more reactive Cp* 2 ZrH 2 and found that this molecule cleaves a wide variety of aromatic and aliphatic C-F bonds. Systematic studies have
shown that primary, secondary, and tertiary C-F bonds can all be cleaved with progressively greater difficulty (Scheme 17). In addition, di-fluorosubstituted carbons can be made to react with even more forcing conditions. Trifluoromethyl groups scarcely react at all even under extreme conditions. Scheme 17: Most remarkable, however, even trifluoromethyl C-F bonds can be easily cleaved if they are adjacent to a double bond. 3,3,3-trifluoropropene is completely defluorinated in 5 min at room temperature to give the zirconium-n-propyl hydride complex (Scheme 18).
Perfluoropropene undergoes a similar reaction to give the same product. Details of the We have now continued our investigation of the C-F cleavage in perfluoroolefins. These appear to be a special class of substrate, in that the mechanism of C-F cleavage may be different than that seen in our earlier studies with Cp* 2 ZrH 2 . Reaction with perfluoropropene gives first the selective formation of E-CHF=CFCF 3 . Further reaction with zirconium hydride leads to complete defluorination with no further intermediates being seen (Scheme 20). 
